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The nuclear suppression factor RAA of single inclusive hadrons measured in ultrarelativistic heavy-
ion collisions was the first observable to study jet quenching, i.e. the final state interaction of hard
parton showers with the surrounding bulk matter. While its transverse momentum (PT ) dependence
of RAA observed at RHIC was weak and hence never decisive in constraining models, there is
now a strong and non-trivial PT dependence observed at the LHC. This has been a challenge for
several models which worked well at RHIC kinematics. However, in more general terms it is also
of importance to understand what physical properties of the hard process and the parton-medium
interaction are reflected in RAA(PT ). The results of the work presented here suggest that the two
main effects underlying the PT dependence are the Quantum-Chromodynamics scale evolution of
the fragmentation function and the limited distance (set by the typical medium length scale) for
which a shower evolves in the medium.
PACS numbers: 25.75.-q,25.75.Gz
I. INTRODUCTION
The single inclusive hadron nuclear suppression factor
RAA is defined as the hadron yield in heavy-ion (A-A)
collisions of given centrality, divided by the yield in p-
p collisions, scaled with the number of binary nucleon-
nucleon collisions occurring in the heavy-ion case,
RAA(PT , y) =
dNhAA/dPT dy
TAA(b)dσpp/dPT dy
. (1)
It is by construction unity if there are neither initial nor
final state interactions affecting hard Quantum Chromo-
dynamics (QCD) processes in A-A collisions. Experimen-
tally, the indication of RAA ≪ 1 has been taken as one
of the crucial verifications of the collective nature of A-A
collisions, as such an observation indicates significant fi-
nal state interaction of hard partons with hot and dense
matter.
Results for RAA were the first indication of jet quench-
ing in the RHIC era [1] and among the first reported
findings at the start of the LHC heavy-ion program [2].
Unlike at RHIC, the first results from LHC showed a
strong rise of RAA with PT with a minimum well below
the RHIC value. Later results from the CMS collabora-
tion out to 100 GeV [3] then showed that the rise does
not continue but rather appears to level off from about
40 GeV onward at a value of ∼ 0.6.
The strong rise of RAA was unexpected for a num-
ber of models which tended to overestimate the expected
suppression at the LHC (e.g. [4, 5]) but could be re-
produced in others [6, 7]. The PT dependence of RAA
has consequently been recognized as an important tool
to distinguish models which yield near-identical results
at RHIC kinematics [8, 9].
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There is, however, significantly less information avail-
able what physics drives the PT dependence of RAA in
various models and what particular scenarios are sup-
ported or disfavoured by the data. It is the aim of this
work to illustrate the rich combination of various effects
leading to the observed PT dependence at the example
of the in-medium shower evolution code YaJEM [10–12]
II. QUALITATIVE ESTIMATES
A. Simple considerations
Following the discussion in [9], the most general repre-
sentation of the partonic final state interaction in a hot
medium is the medium-modified fragmentation function
(MMFF) Di→h(z, Ei, Q
2
i |T1(ζ), T2(ζ), . . . Tn(ζ)), i.e. the
distribution of hadrons h given a parton i with initial
energy Ei and initial virtuality Q
2
i where the hadron en-
ergy Eh = zE and the parton has traversed a medium
along the path ζ where Ti(ζ) are the medium transport
coefficients relevant for the process. If the MMFF can be
computed, its convolution with the perturbatively calcu-
lable parton spectrum gives the medium-modified hadron
yield.
A frequently used simplification in the case of leading
hadron observables is the so-called energy loss approxi-
mation
Di→h(z, E,Q
2
i |Ti(ζ)) ≈ P (∆E,E|Ti(ζ)) ⊗Di→h(z,Q2i )
(2)
where the MMFF is replaced by an energy loss proba-
bility distribution P (∆E,E|Ti(ζ)) for the leading parton
which is convoluted with the vacuum fragmentation func-
tion Di→h(z,Q
2
i ) which only depends on the momentum
fraction z and the scale at which the process takes place.
Using a very simple constant energy loss assumption,
a qualitative argument why RAA should generically in-
2crease with PT can be made as follows [13]: Parton spec-
tra in pQCD can be approximated by a power law as
dN/dpT = const./p
n
T where n ≈ 7 for RHIC kinematics
and n ≈ 5 at LHC. Assuming that one can approximate
the effect of the medium by the mean value energy loss
〈∆E〉 (for realistic energy loss models, this is not a good
approximation, as fluctuations around the mean turn out
to be large), the energy loss corresponds to a shift in the
parton spectrum prior to fragmentation (note that this
does not correspond to a realistic spacetime picture of
the reaction — the uncertainty relation suggests that the
scale evolution of the fragmentation function takes place
in medium).
The shift can be taken into account by the replacement
pT → pT + 〈∆E〉 in the expression for the parton spec-
trum. RAA(pT ) can then be approximated by the ratio
of the parton spectra before and after energy loss as
RAA(pT ) ≈
(
pT
pT + 〈∆E〉
)n
=
(
1− 〈∆E〉
pT + 〈∆E〉
)n
(3)
and it is easily seen that this expression approaches
unity for pT ≫ 〈∆E〉 and that n governs how fast this
limit is aproached.
In contrast, assuming a constant fractional energy loss
∆E = zpT leads to a suppression factor independent of
pT in a power law approximation, as
RAA(pT ) ≈
(
pT
pT + zpT
)n
=
(
1
1 + z
)n
. (4)
However, in reality the perturbative QCD (pQCD)
parton spectrum is only locally approximated by a power
law and the power n of a local fit to the spectrum in-
creases with pT in the kinematically accessible range.
This implies that the constant energy loss scenario ap-
proaches unity more slowly for a real spectrum than for
a simple power law approximation and that constant frac-
tional energy loss leads to a decrease of RAA with PT in
the realistic case (see e.g. [14] for an explicit calculation).
It follows that the PT dependence of RAA is always
determined from a combination of parton-medium inter-
action physics and shape of the primary parton spectrum.
B. The role of in-medium shower evolution
As indicated above, a more realistic treatment
of parton-medium interaction involves computing the
MMFF. In the following, we illustrate the chief additional
mechanisms generating PT dependence of RAA using the
example of the in-medium shower evolution Monte-Carlo
(MC) code YaJEM [10–12].
In the absence of a medium, YaJEM is identical to
the PYSHOW algorithm [15] which evolves partons as
a series of a → bc branchings in the energy fraction
z = Eb/Ea and the virtuality t = ln(Q
2
a)/Λ
2
QCD with
ΛQCD = O(300) MeV, starting from an initial virtuality
scale Qi which is given by the momentum scale of the
hard process. This series of branchings terminates at a
lower scale Q0, at which point non-perturbative dynam-
ics is assumed to dominate and the Lund hadronization
model [16] is used.
In YaJEM, it is assumed that the virtuality Q2a and
energy Ea of any intermediate shower parton a is modi-
fied by the medium via two transport coeffients, qˆ and eˆ
as
∆Q2a =
∫ τ0
a
+τa
τ0
a
dζqˆ(ζ) (5)
and
∆Ea =
∫ τ0
a
+τa
τ0
a
dζeˆ(ζ) (6)
as the parton propagates along the path ζ. To eval-
uate these equations requires a mapping of the shower
evolution of PYSHOW in momentum space to the hy-
drodynamical evolution in position space and a model of
the transport coefficients as a function of thermodynam-
ical properties of the medium.
The temporal structure of the shower evolution can be
parametrically recovered by uncertainty arguments. The
mean lifetime of a virtual parton b coming from a parent
a is hence given as
〈τb〉 = Eb
Q2b
− Eb
Q2a
. (7)
In the MC simulation of the shower, the actual life-
time is determined from this mean value according to
the probability distribution
P (τb) = exp
[
− τb〈τb〉
]
. (8)
Two important observations follow: Medium-induced
changes of the shower kinematics are not significant if
Q2 ≫ ∆Q2 (or E ≫ ∆E). Probing RAA at higher PT
corresponds to probing higher values of the initial vir-
tuality scale Qi and to higher values of parton energies
Ei, and thus both the partonic shower evolution as well
as the part of the shower evolution in which Q2 ≫ ∆Q2
grow with PT (this is the MC shower equivalent of the
QCD scale evolution of the fragmentation function). As
a result, vacuum and on-medium shower evolution be-
come progressively similar at high PT with the implica-
tion RAA → 1 (see [13] for an explicit computation) —
the QCD scale evolution thus has a generic tendency to
increase RAA.
At the same time, effects at the lower scale Q0 also in-
fluence RAA. As Eq. (7) indicates, at sufficiently high
3E the formation length of a branching eventually ex-
ceeds the dimenstions of the medium. If the medium
is characterized by a length scale L, the in-medium evo-
lution of the shower will thus proceed only down to a
scale Q0 =
√
E/L [17, 18]. This in turn implies that
for jets with large E the intermediate virtuality Q will
never be small while the jet is still in medium and hence
Q2 ≫ ∆Q2 will always be realized. In essence, the fact
that the length scale for shower evolution can exceed the
medium dimensions also implies RAA → 1 for sufficiently
large PT [12].
While these two mechanisms have been discussed here
in the specific context of YaJEM, they are in fact rather
generic. The lower scale being set by the medium dimen-
sions is a consequence of the uncertainty principle and
thus difficult to avoid in any model, while the weakening
influence of the medium for longer QCD scale evolution
is based on a scale comparison and closely analoguous to
the loss of sensitvity to the low Q2 non-perturbative par-
ton distributions when an inital scale evolution is carried
out to a high virtuality (see for instance [19]).
C. Minor effects
There are yet more effects which shape the PT depen-
dence of RAA to some degree. One of them is the com-
position of the primary parton spectrum. Since gluons
carry a color charge different from quarks and interact
with a factor CF = 9/4 more strongly, gluons also experi-
ence stronger medium-induced suppression than quarks.
However, the ratio of quarks to gluons in the pQCD par-
ton spectrum varies as a function of pT , while the low pT
part is dominated by gluon production, at high pT quark
production takes over. Corresponding to this transition,
there is a slight rise in RAA reflecting the lower interac-
tion strength of quarks [13].
Similarly, while one usually attributes the modification
of inclusive hard hadron spectra to the final state interac-
tion with the hot and dense medium which is not present
in the case of p-p collisions, there is also a modest change
of the initial state comparing p-p with A-A collisions,
which is parametrized by the nuclear parton distribu-
tion functions (nPDFs), e.g. [19–21]. The x-dependence
of the nPDFs, mapped to a pT dependence in the par-
ton spectrum after convolution of the initial state parton
distributions with the perturbative hard scattering cross
section, leads to a non-trivial PT dependence of RAA even
in the absence of final state interactions and e.g. a siz-
able enhancement of A-A over p-p near the kinematic
limit [13].
In the kinematic range of current LHC measurements
of RAA however, both the transition of the dominant
parton type and the nuclear initial state effects change
RAA by less than 5%, hence we will in the following take
the effects consistently into account but not discuss them
in further detail.
III. DETAILED MODELLING
A. Embedding into fluid dynamics
In order to obtain the medium-modified hadron yield,
the MMFF must be averaged over the medium geome-
try. In this work, the medium evolution is taken to be
a constrained 2+1D hydrodynamics evolution, extrapo-
lated from RHIC to LHC kinematics using the EKRT
model [8]. It is of some importance that a realistically
evolving medium is utilized as a background, since em-
bedding into e.g. a static background can lead to a core-
corona scenario [22] in which partons inside a certain ge-
ometrical region are strongly suppressed whereas partons
produced in the corona escape the medium unmodified.
Such a geometrical suppression picture can alter the PT
dependence of RAA [14], however this is an unphysical
artefact of unrealistic modelling.
The probability density P (x0, y0) for finding a hard
vertex at the transverse position r0 = (x0, y0) and im-
pact parameter b is in leading order pQCD given by the
product of the nuclear profile functions as
P (x0, y0) =
TA(r0 + b/2)TA(r0 − b/2)
TAA(b)
, (9)
where the thickness function is given in terms of
Woods-Saxon the nuclear density ρA(r, z) as TA(r) =∫
dzρA(r, z) and TAA(b) is the standard nuclear overlap
function TAA(b) = d
2
sTA(s)TA(s − b).
If the angle between outgoing parton and the reac-
tion plane is φ, the path of a given parton through the
medium ζ(τ), i.e. its trajectory ζ as a function of proper
medium evolution time τ is determined in an eikonal ap-
proximation by its initial position r0 and the angle φ as
ζ(τ) = (x0 + τ cos(φ), y0 + τ sin(φ)) where the parton is
assumed to move with the speed of light c = 1 and the
x-direction is chosen to be in the reaction plane.
The transport coefficients used in YaJEM are then ob-
tained from the hydrodynamical energy density ǫ as
qˆ|E(ζ) = K|KE · 2 · ǫ3/4(ζ)(cosh ρ− sinh ρ cosα) (10)
whereK and KE = 0.08K are parameters determining
the overall normalization of the coefficients, ρ is the local
flow velocity of the medium and α is the angle between
parton propagation direction and flow direction. In the
following, in order to focus on the PT dependence of RAA
and make the various influences discussed below compa-
rable, K is always adjusted such that RAA at 10 GeV
reproduces the data.
If Di→h(z, Ei, Qi|ζ) is the MMFF as computed in Ya-
JEM for the path ζ, then the medium-averaged MMFF
is obtained as
4〈Di→h(z, Ei, Qi)〉TAA=
1
2π
∫ 2pi
0
dφ
∫
∞
−∞
dx0
∫
∞
−∞
dy0P (x0, y0)Di→h(z, Ei, Qi|ζ)
(11)
From this, the medium-modified production of hadrons
is obtained from
dσAA→h+Xmed =
∑
i
dσAA→i+Xvac ⊗ 〈Di→h(z, Ei, Qi)〉TAA
(12)
from where RAA can be obtained.
B. The role of the evolution scales
As discussed above, the MMFF is obtained from a par-
tonic shower evolution in medium starting from a virtual-
ity scale Qi and extending down to a scale Q0 =
√
E/L,
followed by a further evolution in vacuum down to the
non-perturbative hadronization scale Qh, taken to be 1
GeV in the following. In order to study the importance
of the evolution of these scales with PT , let us first con-
sider the outcome of a calculation where the scales are
held fixed.
Using Qi = 20 GeV, Q0 = Qh = 1 GeV, we generate a
MMFF without scale dependence which is used through-
out the kinematic range considered. Since this resulting
MMFF, once averaged over the medium, retains only a
dependence on the fractional momentum z, all medium
modification is necessarily formulated as function of z as
well. The alert reader will realize that this corresponds
closely to a constant fractional energy loss scenario in
which a decrease of RAA is expected after folding with a
pQCD parton spectrum. As Fig. 1 shows, this is indeed
the case, resulting in a curve in striking disagreement
with the data (note that the earliest YaJEM results did
not include scale evolution and show this trend [10]).
If the in-medium evolution is not terminated at Q0 = 1
GeV but rather at the scale Q0 =
√
E/L as dynamically
computed given the parton initial position, path and en-
ergy in the MC simulation, with the initial scale Qi still
held fixed at 30 GeV and vacuum evolution carried out
between Q0 and Qh, the trend reverts to a rise with PT
and reasonable agreement with the data is found.
Likewise, if the lower scale is fixed to Q0 = 1 GeV
but Qi is allowed to vary with initial parton energy E
(corresponding to the usual QCD scale evolution of the
fragmentation function), the decreasing trend reverts to
a rising trend, albeit a weaker one as in the previous case
which is not in agreement with the data.
Finally, in the realistic case in which both scales are
allowed to vary, a strong rise of RAA with PT is observed,
overshooting the data in the region beyond 40 GeV (note
that this corresponds to the curve published in [8].
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FIG. 1: PT dependence of RAA as obtained by the CMS col-
laboration [3] in comparison with YaJEM results with differ-
ent treatment of upper and lower partonic evolution scale.
While these results establish that the treatment of the
shower evolution scales is a crucial influence on the PT
dependence of RAA, the outcome that the most realis-
tic evolution scenario overshoots the data is somewhat
unsatisfactory.
C. A closer look at the lower evolution scale
While the QCD evolution of the MMFF in terms of Qi
is a concept which is well understood in vacuum QCD,
the determination of the lower scaleQ0 is not on the same
level or rigor. The expression Q0 =
√
E/L is parametri-
cally set by the uncertainty relation, but this implies that
the expression is valid up to a factor O(1) and hence begs
the question of precisely what E and what L should be
inserted into it.
For instance, rather than estimating the lower scale for
the whole jet (using the shower-initiating parton energy
E) we might also the leading subjet based on the argu-
ment that we are considering an observable which is pre-
dominantly sensitive to the fragmentation of leading par-
tons, and thus what determines the medium-modification
of these is only the subjet in which the leading parton is
found. This would argue for a relation Q0 =
√
fE/L
with f ≈ 0.7 at RHIC and f ≈ 0.5 at LHC.
Likewise, the in-medium distance is typically taken as
the distance of the hard reaction vertex to the Cooper-
Frye surface of the hydrodynamically evolving medium.
However, as discussed in [23], there is no compelling rea-
son to use precisely the Cooper-Frye surface. In the con-
text of fluid dynamics, the Cooper-Frye surface is usually
taken to be an isothermal surface representing an ideal-
ized separation of matter which is interacting so strongly
that fluid dynamics is justified and matter interacting
so weakly that free streaming is valid. In contrast, jet-
medium interactions do not require medium particles to
interact, they merely require the presence of scattering
5centers, and hard partons would interact also with a free
streaming hadronic medium. This may indicate that a
realistic L would be somewhat larger than the distance
to the Cooper-Frye surface.
Estimating the decoupling of the jet to be on average
20% beyond the Cooper-Frye surface and taking only the
subjet of the leading parton into account results in a plau-
sible scenario with f = 0.4 which we explore in Fig. 2.
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FIG. 2: PT dependence of RAA as obtained by the CMS col-
laboration [3] in comparison with YaJEM results varying the
parametric estimate for the lower scale.
It is apparent from the figure that using f = 0.4 is just
enough to compensate the effect of the QCD scale evolu-
tion in the kinematic range considered, resulting in a sce-
nario which is in agreement with the data up to 70 GeV
while still overshooting the last two data points. Thus,
within plausible variations of the parametric expression
for the lower scale, the realistic computation gives a fair
account of the data.
D. The plateau region
The question remains whether the trend indicated by
the data is a plateau at high PT or not. There is no easy
theoretical argument why RAA should reach a plateau
at around 40-60 GeV. Both upper and lower scale evolu-
tion arguments asymptotically imply RAA → 1. The in-
creasing power n(pT ) of local power law fits to the pQCD
spectrum imply also a decreasing sensitivity to parton en-
ergy loss at least up to
√
s/4 (beyond phase space restric-
tions become important [13]). Neither a constant energy
loss nor a constant fractional energy loss would thus re-
sult in a constant RAA, rather achieving a constant RAA
would require fine-tuning of the parton-medium interac-
tion strength to just compensate for the effects from the
shape of the parton spectrum and the scale evolutions.
One idea which could provide such a mechanism is
the energy dependence of the transport coefficient qˆ as
suggested in [24]. In order to explore this idea, we
parametrize the result of qˆ(E) for a temperature of 400
MeV from Fig. 9 in [24] as
qˆ(E) = qˆ(10 GeV) ·
(
1.8
E
1GeV
− 1.8
)
(13)
(note that this neglects the temperature dependence
of the evolution of the transport coefficient) and use this
expression to compute again hadron RAA. The result is
shown in Fig. 3.
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FIG. 3: PT dependence of RAA as obtained by the CMS col-
laboration [3] in comparison with YaJEM results varying the
parametric estimate for the lower scale.
The factor ∼ 2 increase in qˆ over the kinematic range
leads to better agreement with the data points in the
’plateau’ region above 80 GeV, however the overall shape
agreement between data and calculation worsens (note
again that both curves are normalized to the data at
PT = 10 GeV). This indicates again that generating a
plateau in single inclusive RAA is in essence a fine-tuning
problem.
IV. CONSIDERING JET RAA
The CMS collaboration has also measured the nuclear
suppression factor of jets (defined via clustering with
anti-kT with a radius parameter of R = 0.3) and ob-
served a result rather independent of PT in a kinematic
region comparable to the parton kinematics underlying
the hadronic RAA. This has been taken as independent
confirmation of the existence of a plateau [25].
One has to realize however that the physics underlying
the suppression of single inclusive hadrons is rather dif-
ferent from the suppression of clustered jets. Fundamen-
tally, jets are much more robust against medium-induced
radiation (or indeed any radiation process) since close-to-
collinear radiation is always clustered back into the jet
and only large-angle radiation processes outside the cone
radius lead to a suppression of the jet rate [26]. There is
6thus no a priori reason to expect that the mechanisms
discussed above affect jet RAA in the same way.
A. Modelling
Jet RAA is obtained using the same medium evolu-
tion scenario and the same pQCD calculation for the
hard process itself as described above and used to com-
pute hadronic RAA. In the following, the parameter K
describing the overall medium quenching strength (see
Eq. (10) is taken directly from the corresponding hadron
suppression scenario and no additional fit procedure for
jet RAA is used.
The only difference is that in the following the out-
put of YaJEM is clustered using the anti-kT algorithm
of the FastJet package to obtain the probability distri-
bution P (z, Ei, Q
2
i |qˆ(ζ), eˆ(ζ)) to cluster the shower from
a parton with initial energy Ei and virtuality Qi into a
jet with energy Ejet = zEi rather than the MMFF. This
probability distribution can then be averaged over the
geometry and convoluted with the spectrum in the same
way as the MMFF.
B. Results
The different scenarios with upper and lower evolu-
tion scale held fixed or determined by the kinematics and
spacetime position in the MC event are plotted in Fig. 4
in comparison with preliminary CMS data [25].
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FIG. 4: PT dependence of jet RAA as obtained by the CMS
collaboration [25] in comparison with YaJEM results with dif-
ferent treatment of upper and lower partonic evolution scale.
A striking difference to Fig. 1 is that jet RAA is almost
insensitive to the lower evolution scale. The very purpose
of a clustering procedure is however to suppress physics
at soft, non-perturbative scales and be sensitive only to
hard, perturbative physics, thus such an insensitivity is
to be expected. The remaining PT dependence is chiefly
driven by the pQCD scale evolution, i.e. the initial vir-
tuality scale Qi as well as the fact that with increased jet
energy jets become kinematically more and more colli-
mated (cf. [27] for a discussion of the role of collimation
for the dijet imbalance), implying that it becomes in-
creasingly difficult to radiate energy out of the jet cone
and leading again to a trend RAA → 1 asymptotically.
The growth is somewhat slower than in the hadron RAA
case.
Another crucial observation is that a plateau-like shape
with a very weak PT dependence over the kinematic
range considered arises naturally for jet RAA, thus unlike
in the hadron RAA case there is no fine-tuning problem,
and thus one can not take the lack of strong PT depen-
dence in jet RAA as an indication that hadronic RAA
would level to a plateau.
No attempt to do a simultaneous global fit of hadron
and jet RAA to the data has been made, but it is clear
from the results presented here that such a fit would re-
sult in a reasonably good agreement between model and
data even without novel physics like an additional energy
evolution of qˆ.
V. CONCLUSIONS
The PT dependence of the nuclear suppression factor
RAA is a consequence of a non-trivial interplay of sev-
eral effects, chief among them the curvature of the pri-
mary pQCD spectrum, the scale QCD scale evolution of
the MMFF and the fact that the in-medium evolution of
showers is restricted to a length scale set by the medium
size. Subleading effects include the change in dominant
parton type with PT as well as effects from the nuclear
initial state. Many of these effects are fairly generic and
do not depend on specific assumptions about the na-
ture of parton-medium interaction (but approximation
schemes such as the energy loss approximation dropping
the virtuality evolution of the shower in medium have
been made in practice).
The measured PT dependence poses significant and
non-trivial constraints for models, and in particular iden-
tify approximations which can not be safely made (for
instance, dropping the QCD evolution of the MMFF is
clearly not a justified approximation).
Within a reasonable parameter space of the precise de-
tails of embedding the shower evolution into a hydrody-
namically evolving medium, fair agreement of the most
realistic modelling case with both the measured single
inclusive hadron and jet RAA can be obtained. However,
if one interprets the data as exhibiting a PT -independent
plateau of suppression beyond 40 GeV, then conventional
pQCD mechanisms such as the scale evolution and the
finite length effect are insufficient to account for the data,
and novel physics is required. Even in this case, PT inde-
pendence requires the cancellation of the known PT de-
pendence of QCD effects and results in essence in a fine-
tuning problem. Jet RAA is expected to have a generi-
7cally weaker PT dependence and is hence no strong in-
dicator for the presence or absence of a plateau. In this
context, it should be kept in mind that no measured p-p
baseline at 2,76 GeV has been available at high PT for
the CMS publication [3].
Future measurements with higher statistics and higher
reach in PT will reveal if RAA can be completely de-
scribed by known pQCD effects or if novel physics mech-
anisms are indicated by the data.
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